Wild-type or phyA, phyB, or hy4 mutant Arabidopsis seedlings lacking phytochrome A (phyA), phytochrome B (phyB), or cryptochrome 1 (cry1), respectively, and the double and triple mutants were used in combination with blue-light treatments given simultaneously with red or far-red light. We investigated the interaction between phytochromes and cry1 in the control of hypocotyl growth and cotyledon unfolding. Under conditions deficient for cry1 (short exposures to blue light) or phyB (far-red background), these photoreceptors acted synergistically: Under short exposures to blue light (3 h/d) added to a red-light background, cry1 activity required phyB (e.g. the hy4 mutant was taller than the wild type but the phyBhy4 mutant was not taller than the phyB mutant). Under prolonged exposures to blue light (24 h/d) added to a far-red light background, phyB activity required cry1 (e.g. the phyAphyB mutant was taller than the phyA mutant but the phyAphyBhy4 mutant was not taller than the phyAhy4 mutant). Under more favorable light inputs, i.e. prolonged exposures to blue light added to a red-light background, the effects of cry1 and phyB were independent. Thus, the synergism between phyB and cry1 is conditional. The effect of cry1 was not reduced by the phyA mutation under any tested light condition. Under continuous blue light the triple mutant phyAphyBhy4 showed reduced hypocotyl growth inhibition and cotyledon unfolding compared with the phyAphyB mutant. The action of cry1 in the phyAphyB double mutant was higher under the red-light than the far-red-light background, indicating a synergistic interaction between cry1 and phytochromes C, D, or E; however, a residual action of cry1 independent of any phytochrome is likely to occur.
When etiolated seedlings emerge from the soil, sunlight activates several photoreceptors that mediate de-etiolation. In Arabidopsis these photoreceptors include phyA, phyB, and cry1 (Sharrock and Quail, 1989; Ahmad and Cashmore, 1993; Clack et al., 1994) . Although blue light phototransforms phyA and phyB, phytochromes are not specific bluelight photoreceptors because they absorb maximally in red and far-red light. The effects of blue light on phytochrome status can be avoided if the seedlings are grown under a background of phytochrome-absorbable radiation (Thomas and Dickinson, 1979) . In contrast to phytochromes, cry1 is a specific blue-light photoreceptor that operates only in the blue-light/UV-A range and extends its activity to the green region of the spectrum (Ahmad and Cashmore, 1993; Lin et al., 1995) .
The interaction between red or far-red light and blue light is not a new subject in plant biology. Many years ago, Meijer and Engelsma (1965) reported that preirradiation of etiolated gherkin seedlings with blue light increased the subsequent effect of continuous red light on hypocotyl growth, whereas red light was not as effective as blue light as a preirradiation treatment. Mohr and coworkers (Oelmü ler and Mohr, 1985; Drumm-Herrel and Mohr, 1988) acknowledged that the interactions "should be understood in physiological terms before molecular models are being advanced" (Drumm-Herrel and Mohr, 1988) , and their model (see Mohr, 1994) involves phytochrome as the effector proper and cryptochrome as a modulator of the response to the phytochrome signal in photomorphogenesis. Conversely, in this model, phytochrome would modulate the activity of a blue-light photoreceptor in phototropism. The availability of mutants deficient in phyA (phyA; Dehesh et al., 1993; Nagatani et al., 1993; Parks and Quail, 1993; Whitelam et al., 1993) , phyB (phyB, formerly hy3; Koornneef et al., 1980; Reed et al., 1993) , and cry1 (hy4; Koornneef et al., 1980; Ahmad and Cashmore, 1993) has significantly improved the tools for analyzing the interactions among photoreceptors, particularly because the participation of specific members of the phytochrome and cryptochrome families can be investigated.
Synergistic interactions between phyA in its highirradiance mode of action and phyB (Casal, 1995) , as well as between cry1 and phyB (Casal and Boccalandro, 1995) , have been reported for hypocotyl growth and cotyledon unfolding in Arabidopsis. In contrast, phyA in its verylow-fluence mode of action may act antagonistically with phyB (Mazzella et al., 1997; Yanovsky et al., 1997) . The synergism between phyB and cry1 is clearly manifested when blue light is added to a background of orange light in seedlings exposed to short photoperiods (3 h); neither the hy4 mutant nor the phyB mutant respond to the supplementary blue light (Casal and Boccalandro, 1995) . However, it has frequently been reported in the literature that in the experiments in which continuous blue light is compared with darkness, the interaction between phyB and cry1 is not obvious: the phyB mutant shows almost normal hypocotyl growth inhibition (Koornneef et al., 1980; Liscum and Hangarter, 1991, 1993; Young et al., 1992) . The reasons for this apparent discrepancy, to our knowledge, have not yet been analyzed.
The available literature is controversial regarding the interaction between phyA and cry1. According to our previous results, cry1 interacts synergistically with phyB but not with phyA (Casal and Boccalandro, 1995) . A similar pattern has recently been reported for blue-light-induced shrinking of protoplasts from Arabidopsis hypocotyls. The effect of blue light was absent in protoplasts from the hy4 mutant or from the phyAphyB double mutant. Separate measurements in the phyA and phyB single mutants indicated that phyB was mainly responsible for the phytochrome dependence of this cry1-mediated response (Wang and Iino, 1997) . In contrast, Ahmad and Cashmore (1997) observed reduced responses to blue light compared with darkness in a phyAphyB mutant of Arabidopsis and proposed that phyA or phyB is necessary for cry1 activity.
The aim of this work was to investigate hypocotyl growth and cotyledon unfolding in etiolated Arabidopsis seedlings to determine the following: (a) the conditions that favor a synergistic interaction between cry1 and phyB; (b) whether cry1 is active in the phyAphyB background and, if so, the extent to which this activity depends on the interaction with residual phytochromes; and (c) the interaction between phyA and cry1. Therefore, null phyA, phyB, and hy4 mutants lacking phyA, phyB, and cry1, respectively, and all possible double and triple mutants were used in combination with blue light added to a red-light or a far-red-light background to manipulate cryptochrome and phytochrome status separately.
MATERIALS AND METHODS

Plant Material
The Arabidopsis Heynh ecotype Landsberg erecta was the wild type used in this study. The mutant lacking cry1 was hy4-2.23n (Koornneef et al., 1980; Ahmad and Cashmore, 1993) . The mutant lacking phyA was phyA-201 (Nagatani et al., 1993) , the mutant lacking phyB was phyB-1 (Koornneef et al., 1980; Reed et al., 1993) , and the double mutant lacking phyA and phyB was phyA-201phyB-1 (Mazzella et al., 1997) . In some experiments additional alleles, phyA-1 (Whitelam et al., 1993), phyB-5 and phyB-7 (Koornneef et al., 1980; Reed et al., 1993), and phyA-201phyB-5 (Reed et al., 1994) , were included as internal standards, but the results with these materials are largely not shown. The phyA-201hy4-2.23n and phyB-5hy4-2.23n were obtained by crossing parental lines and selecting tall plants in the F 2 generation grown under far-red light plus blue light or red light plus blue light, respectively. Seeds of the F 3 generation obtained from single plants selected in the previous generation were tested under far-red light, far-red light plus blue light, red light, and red light plus blue light. Homozygous lines were used in subsequent experiments.
The phyA-201phyB-1hy4-2.23n triple mutant was obtained by crossing the phyAphyB double mutant and hy4. Tall seedlings were selected under fluorescent white light from the F 2 generation, and the F 3 generation was subjected to the tests described above for double mutants.
Experimental Setting
Fifteen seeds of each genotype were sown in clear plastic boxes (40 mm long ϫ 33 mm wide ϫ 15 mm tall) containing 3 mL of 0.8% agar. The boxes were incubated in the dark at 7°C for 3 d, given a red-light pulse, incubated in the dark at 25°C for 24 h, and transferred to light or dark treatments for 3 d (Casal, 1995 in combination with a pale-blue acetate filter (no. 502, 0.2 mm, La Casa del Acetato).
Measurements and Statistics
Hypocotyl length was measured to the nearest 0.5 mm with a ruler and the largest 10 seedlings of each box (i.e. one replicate) were averaged. The angle between the cotyledons was measured with a protractor in the same seedlings used for length measurements, and the 10 values obtained per box were also averaged before statistical analysis. The basic data are presented as means and se values of at least 10 replicate boxes. When different genotypes are compared, hypocotyl length data are expressed relative to dark controls to increase accuracy. The effects of cry1 were calculated as the differences between the average values of plants carrying HY4 versus hy4 alleles (i.e. the wild-type versus the null-mutant allele) for each particular genetic background of the other photoreceptors. For instance, the effect of cry1 on hypocotyl length in the phyAphyB background is the hypocotyl length of the phyAphyBhy4 triple mutant minus the hypocotyl length of the phyAphyB double mutant. A comparable procedure was followed to calculate the effects of phyB (i.e. PHYB versus phyB). These effects of cry1 or phyB (i.e. the differences between the relevant means) are shown with the se values of the difference. The effects of cry1 or phyB in different genetic backgrounds were compared using Student's t test and their significance is indicated.
RESULTS
Conditional Dependence of cry1 Activity on phyB Activity
One-day-old seedlings of the wild type and of the phyA, phyB, and hy4 single, double, and triple null mutants were exposed for 3 d to a background of continuous red light with or without the simultaneous addition of blue light (the experimental setting is shown in Fig. 1 ). Different durations of the blue-light supplement were included to modify the extent of cry1 activation. The basic hypocotyllength data for seedlings exposed to 0, 3, or 24 h/d supplementary blue light are shown in Figure 2A . For example, under continuous red light plus blue light, both phyB and cry1 were active, because, as expected, the phyB and hy4 mutants were taller than the wild type. The phyBhy4 mutant was taller than any of the parental single mutants. The phyA mutant was not taller than the wild type, but the phyAphyB double mutant was taller than phyB (see also Reed et al., 1994; Mazzella et al., 1997) . The triple mutant showed no hypocotyl growth inhibition compared with dark controls.
To analyze the interactions among phyA, phyB, and cry1 in detail, the effects of phyB (i.e. the difference between genotypes carrying the wild-type PHYB allele versus the phyB null allele) were calculated for seedlings with or without phyA (i.e. PHYA or phyA background, respectively) and for seedlings with or without cry1 (i.e. HY4 or hy4 background, respectively) in all possible combinations (i.e. PHYAHY4, PHYAhy4, phyAHY4, and phyAhy4) . These data are presented in Figure 2B for seedlings exposed to 3 h/d blue light added to continuous red light and in Figure  2C for seedlings exposed to continuous blue light plus red light. For example, the first column in Figure 2B shows the difference between the phyB mutant and the wild type, the second column shows the difference between the phyBhy4 mutant and the hy4 mutant, and so on (taken from Fig. 2A , 3 h of supplementary blue light). A comparable procedure was followed to calculate the effects of cry1 (i.e. the difference between the genotypes carrying the HY4 or the hy4 gene).
For seedlings exposed to blue light for only 3 h/d, the effects of phyB on hypocotyl growth (i.e. the change in hypocotyl length) were larger in the HY4 than in the hy4 background, and the effects of cry1 were larger in the PHYB than in the phyB background (Fig. 2B) . In seedlings exposed to continuous supplementary blue light, the effects of phyB were independent of HY4 or hy4 and vice versa (Fig. 2C) . Therefore, cry1 and phyB operate synergistically under short (3-h) daily exposures to supplementary blue light but operate independently under continuous supplementary blue light. It is the duration of blue light that is important, because the synergism was observed under short exposures to this wavelength despite the use of continuous red light as a background (Fig. 2B) . The effects of cry1 were not reduced by the phyA mutation under short or prolonged exposures to blue light (Fig. 2) . The effects of phyB were enhanced by the phyA mutation, as described previously (see Mazzella et al., 1997; Yanovsky et al., 1997) .
The pattern of response observed for cotyledon unfolding resembled that described for hypocotyl growth inhibition. Under short exposures to supplementary blue light (3 h/d) the action of cry1 on cotyledon unfolding was significant in the PHYAPHYB background, as shown by the angle between cotyledons (wild type, 152 Ϯ 6°; hy4 mutant, 131 Ϯ 6°; P Ͻ 0.05), and in the phyAPHYB background (phyA mutant, 174 Ϯ 4°; phyAhy4 mutant, 151 Ϯ 5°; P Ͻ 0.005) but not in the PHYAphyB background (phyB mutant, 33 Ϯ 4°; phyBhy4 mutant, 28 Ϯ 8°). Thus, under short exposures to blue light, cotyledon unfolding depended on phyB but not on phyA. Under continuous supplementary blue light the action of cry1 required neither phyA nor phyB (wild type, 178 Ϯ 1°; hy4 mutant, 154 Ϯ 6°; P Ͻ 0.01; phyAphyB mutant, 152 Ϯ 9°; phyAphyBhy4 mutant, 11 Ϯ 5°; P Ͻ 0.0001).
The effects of cry1 were not enhanced by phyA under a red-light background (Fig. 2) , indicating that cry1 interacts synergistically with phyB and not with phyA. It could be argued, however, that under red light the effect of phyA is smaller than the effect of phyB (see Fig. 2A , 0 h of blue light) and that cry1 could require a minimum effect via phyA or phyB. To test this alternative view the seedlings were also exposed to far-red light or far-red light plus blue light because phyA activity is stronger under far-red light than under red light. The phyB background was used to ensure that phyB was not fulfilling a phytochrome requirement for cry1 activity. A photoperiod of 6 h was chosen because under 6 h of far-red light the reduction of hypocotyl length mediated by phyA (as indicated by the change in hypocotyl length relative to dark controls: phyB, 0.5 Ϯ 0.04; phyBhy4, 0.5 Ϯ 0.04; phyAphyB, 1.0 Ϯ 0.05; phyAphyBhy4, 1.0 Ϯ 0.09) was similar to that mediated by phyB under red light (see Fig. 2 ). Despite the fact that phyA inhibited hypocotyl growth, cry1 was not active in seedlings exposed daily to 6 h of far-red light plus blue light (phyB, 0.6 Ϯ 0.04; phyBhy4, 0.5 Ϯ 0.04; phyAphyB, 0.9 Ϯ 0.04; phyAphyBhy4, 0.9 Ϯ 0.04).
Conditional Dependence of phyB Activity on cry1 Activity
The action of cry1 requires phyB under short but not under prolonged exposures to blue light, i.e. a synergism is observed only under suboptimal conditions. A far-redlight background was used to investigate whether the reciprocal is also true, i.e. whether phyB requires active cry1 if the conditions are suboptimal for phyB activity, because far-red light is predicted to lower the level of active phyB (i.e. phyB Pfr). These experiments were conducted in the phyA background to avoid the strong high-irradiance reactions mediated by phyA under continuous far-red light. The effects of phyB (PHYB versus phyB) were larger in the presence of active cry1 (HY4 background and blue-light supplement) than in the absence of active cry1 (hy4 background and/or no blue-light supplement), and the effects of cry1 (HY4 versus hy4) were larger in the presence of phyB than in its absence (Fig. 3) . The results indicate a synergistic interaction between phyB and cry1 when blue light was added continuously to a background of far-red light. The effects of blue light under far-red light were not an artifact involving changes in Pfr because increasing the irradiance of the far-red-light background (from 45 to 90 mol m Ϫ2 s Ϫ1 ) caused no reduction in the effect of supplementary blue light in the phyA and phyAphyB mutants (data not shown).
cry1 Operates in the phyAphyB Background under Continuous Blue Light
A significant effect of cry1 was observed in the phyAphyB background when blue light was added continuously to red light (Fig. 2) or far-red light (Fig. 3) . In contrast, Ahmad and Cashmore (1997) reported reduced responses of the phyAphyB mutant to continuous blue light compared with dark controls (i.e. without using a red-or far-red-light background). One of the possibilities is that, in the absence of red light or far-red light to drive phytochrome photoconversions, the action of blue light had two components, one via phytochrome phototransformation and the other via cry1 phototransformation. Under a red-or far-red-light background, blue light would be important only for cry1 activity. To investigate this hypothesis the double mutant phyAphyB and the triple mutant phyAphyBhy4 were compared under continuous blue light in the absence (for the only occasion in this paper) of a red-or far-red-light background. The response to blue light was reduced in the phyAphyB mutant compared with the wild type, but the effect of cry1 was similar in the PHYAPHYB background (i.e. wild type versus hy4 mutant) and in the phyAphyB background (i.e. phyAphyB mutant versus phyAphyBhy4 mutant) (Fig. 4) . This indicates that the reduced response to continuous blue light versus darkness in the phyAphyB mutant was not the result of a cry1 requirement of phyA or phyB but, rather, was due to the mere lack of the response caused by blue light absorbed by phytochromes.
cry1 Interacts Synergistically with Phytochrome in the phyAphyB Mutant
To investigate whether phytochromes other than phyA and phyB interact with cry1, the effect of blue light in two phyAphyB double mutants was compared in a red-versus a far-red-light background. Red and far-red light, respectively, establish high or low levels of the Pfr form (predicted to be active) of these phytochromes. The effects of supplementary blue light on hypocotyl growth and cotyledon unfolding were larger in the red-than in the far-redlight background, as indicated by significant interactions (P Ͻ 0.05) between blue light and red or far-red light (Fig. 5) .
Although, compared with red light, the far-red-light background reduced the effect of blue light, this effect was still high (Fig. 5) . The effect of supplementary blue light on hypocotyl growth and cotyledon unfolding were noted even for the phyAphyB double mutant under a background of long-wavelength far-red light provided by incandescent lamps in combination with RG9 filters (data not shown). Thus, either the minimal requirement of phytochrome activity for cry1 action is extremely low or the residual effect of cry1 is independent of any phytochrome.
DISCUSSION
phyB and cry1 can interact synergistically to inhibit hypocotyl growth and promote cotyledon unfolding in etiolated Arabidopsis seedlings (Casal and Boccalandro, 1995) . Under a red-light background supplemented daily with only 3 h of blue light or under a background of far-red light supplemented continuously with blue light, the effects of phyB (i.e. the difference between PHYB and phyB alleles) were larger in the HY4 than in the hy4 background and the effects of cry1 (i.e. the difference between HY4 and hy4 alleles) were larger in the PHYB than in the phyB background. Under short exposures to blue light cry1 showed almost absolute dependence on phyB (Fig. 2B) and under a background of far-red light phyB showed almost absolute dependence on cry1 (Fig. 3B) .
The mutual dependence of cry1 and phyB is conditional. phyB has no absolute requirement for cry1 because it operates under pure red light, i.e. in the absence of active cry1 (Koornneef et al., 1980; Reed et al., 1993) (Fig. 2) . cry1 has no absolute requirement for phyB because the responses mediated by cry1 under blue light added continuously to a red-light background were not impaired by the lack of phyB (Fig. 2C ). cry1 and phyB acted synergistically only when the light input for cry1 (i.e. blue light) was provided by a relatively short period (3 h/d) or the light input for phyB was deficient because of the presence of a far-redlight background lowering phyB Pfr. No synergism was observed under continuous red light plus blue light, in which phyB and cry1 acted independently.
Part of the effect of cry1 independent of phyB appears to depend on other phytochromes. In the phyAphyB double mutant, the effect of blue light (mediated by cry1) was larger under a background of red light than under a background of far-red light (Fig. 5, B and D) . Our interpretation of the latter observation is that phyC, phyD, and/or phyE takes the place of phyB in its synergistic interactions with cry1. Several responses to red-light compared with far-redlight treatments or to different red-/far-red-light ratios have been observed in the phyAphyB mutant (Yang et al., 1995; Devlin et al., 1996; Poppe and Schäfer, 1997) , but effects on hypocotyl growth have not been reported before, to our knowledge. Aukerman et al. (1997) recently showed that, particularly in the phyB mutant background, phyD plays a role in the control of hypocotyl growth under red or white light. Thus, phyD is a good candidate to be involved in the residual synergism between phytochrome and cry1 observed in the phyAphyB double mutant.
Finally, part of the effect of cry1 could be independent of any phytochrome. A response to blue light mediated by cry1 was observed even in the phyAphyB double mutant under far-red light (Fig. 5 ). Thus, either the level of Pfr of phyC, phyD, or phyE required for cry1 activity is extremely low or part of the effect of cry1 may occur independently of any phytochrome. These possibilities cannot be rigorously tested at present. However, the second alternative appears more likely because the residual effect of cry1 was not further reduced by using long-wavelength (RG9) far-red light, which establishes a lower proportion of Pfr than the conventional far-red-light source (data not shown). Effects of a blue-light photoreceptor independent of phytochrome are not apparent in all systems. In the control of hypocotyl growth in pine, simultaneous irradiation with far-red light fully abolishes the effect of blue light (Fernbach and Mohr, 1990) . Hypocotyl growth in the lh mutant of cucumber, which lacks phyB (Ló pez Juez et al., 1992) , shows no response to blue light (Ballaré et al., 1991) .
No evidence for synergistic interactions between phyA and cry1 was obvious in either our previous study (Casal and Boccalandro, 1995) or in the present experiments. Ahmad and Cashmore (1997) observed a reduced response to blue light in the phyAphyB mutant exposed to continuous blue light compared with the dark controls (i.e. without a background of phytochrome-absorbable radiation). Such a reduced response would be the result of lack of phytochrome absorption of blue light rather than cry1 dependence on phyA or phyB under continuous blue light. In favor of the latter interpretation, when blue light was provided continuously without a red-or far-red-light background, the absence of phyA and phyB reduced the response to blue light but did not reduce the action of cry1 (Fig. 4) .
In summary, for hypocotyl growth and cotyledon unfolding: (a) cry1 interacts synergistically with phyB under suboptimal light conditions, i.e. short exposures to blue light or prolonged blue light added to a far-red-light background; (b) in the absence of phyB, cry1 interacts synergistically with phytochrome(s) other than phyA, but a residual action independent of any phytochrome is likely to occur; and (c) phyA and cry1 show no obvious synergism.
The levels of phyB are not obviously affected by light conditions or by the hy4 or phyA mutations (Somers et al., 1991; Nagatani et al., 1993; Parks and Quail, 1993) . The levels of cry1 are not obviously affected by phyA and/or phyB activity (Ahmad and Cashmore, 1997) . Thus, the synergism between phyB and cry1 is likely to involve communication between the transduction chains initiated by the respective photoreceptors rather than by changes in the status of the photoreceptors themselves. The model described by Mohr (1994) placed phytochrome as the only terminal effector, cryptochrome as a modulator of the phytochrome response in photomorphogenesis, and phytochrome as a modulator of blue-light photoreceptors in phototropism. The evidence in favor of cry1 activity in the absence of any obvious phytochrome activity would be 
